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The Use of Fe-30% Ni and Fe-30% Ni–Nb Alloys
as Model Systems for Studying the Microstructural
Evolution during the Hot Deformation of Austenite
E. J. Palmeire, P. Cizek, F. Bai, R. M. Poths, J. Turner,
B. P. Wynne, and W. M. Rainforth
IMMPETUS, Department of Engineering Materials, The University of Sheffield, Sheffield, UK
The development of physically-based models of microstructural evolution during thermomechanical processing of metallic materials requires
knowledge of the internal state variable data, such as microstructure, texture, and dislocation substructure characteristics, over a range of processing
conditions. This is a particular problem for steels, where transformation of the austenite to a variety of transformation products eradicates the hot
deformed microstructure. This article reports on a model Fe-30wt% Ni-based alloy, which retains a stable austenitic structure at room temperature,
and has, therefore, been used to model the development of austenite microstructure during hot deformation of conventional low carbon–manganese
steels. It also provides an excellent model alloy system for microalloy additions. Evolution of the microstructure and crystallographic texture was
characterized in detail using optical microscopy, X-ray diffraction (XRD), SEM, EBSD, and TEM. The dislocation substructure has been quantified
as a function of crystallographic texture component for a variety of deformation conditions for the Fe-30% Ni-based alloy. An extension to this
study, as the use of a microalloyed Fe-30% Ni–Nb alloy in which the strain induced precipitation mechanism was studied directly. The work has
shown that precipitation can occur at a much finer scale and higher number density than hitherto considered, but that pipe diffusion leads to rapid
coarsening. The implications of this for model development are discussed.
Keywords Metallic materials; Microstructural evolution; Thermomechanical processing.
Introduction
The development of physically-based models of
microstructural evolution during hot forming of metallic
materials requires knowledge of the grain/subgrain structure
and crystallographic texture characteristics over a range
of processing conditions. Clearly, investigation of the hot
deformed structure is impossible in carbon and microalloyed
steels as transformation of the -Fe to low temperature
products removes the prior dislocation structure. To address
the problems associated with the -Fe transformation, a
model Fe-30wt% Ni alloy has been developed which does
not transform on cooling from the hot working temperature.
The stacking fault energy of Fe–Ni alloys at 1200C is
believed to match that of conventional C–Mn steels at
around 30Fe-70Ni [1].
However, in our work we are interested in not only
studying the hot deformation microstructure, but also the
strain induced precipitation mechanism in microalloyed
steels. Thermodynamic calculations (using Thermo-Calc
software, assuming equilibrium conditions) indicate that the
solubility of NbC in Fe decreases with increasing Ni content,
with 30%Ni a maximum that allows solution of NbC at
acceptable temperatures. Thus, this alloy composition was
chosen as it provides the optimum balance between NbC
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precipitation and deformation characteristics. Furthermore,
we have shown that the flow curves of Fe-30Ni and C–Mn
microalloyed steels have the same basic characteristics,
although the flow stress may be not exactly matched [2, 3].
Microalloyed steels have received considerable academic
interest over many years, and the industrial applications
are ever increasing. The addition of Nb is considered
to have three primary effects [4]: (i) an inhibitor of
austenite grain coarsening during reheating, (ii) retardation
of austenite recrystallization prior to the / transformation
through the strain induced precipitation of NbC, and
(iii) precipitation hardening from the NbC in the low
temperature transformation product. As noted above,
detailed study of the formation of NbC in microalloyed
steels is difficult, since the transformation of the -Fe to
low temperature products removes the prior dislocation
structure that is fundamental to the generation of the
refined final microstructure. Slow cooling after deformation
results in interphase precipitation during the / phase
transformation, and subsequent precipitation may also occur
in the ferrite, while rapid cooling leads to the formation
of martensite, which obscures the location of the very fine
precipitates believed to be critical to the retardation of
recrystallization. Extraction replicas do not reliably remove
the precipitates<5 nm and give only indirect information on
the location of the precipitates. Therefore, the understanding
of strain induced precipitation in conventional high strength
low alloy (HSLA) steels in the past has been based on
indirect methods and is consequently incomplete [4, 5].
Work at Sheffield has developed a model microalloyed


























128 E. J. PALMEIRE ET AL.
alloy, does not transform on cooling from the hot working
temperature [2–7]. This has allowed us to study the
strain induced precipitation effect directly, which has
brought new insight to the behavior of these systems.
This article describes the substructure developed during
the hot deformation of austenite. High resolution EBSD
used to quantify the substructure as a function of texture
component, and thereby allows a detailed understanding of
the stored energy as a function of grain orientation. The
strain-induced precipitation of NbC is studied in the absence
of -Fe transformation, correlating the precipitation process
with dislocation structure and thermomechanical process
conditions.
Experimental
The material, with the composition given in Table 1,
was supplied by Corus Swinden Technical Centre. The
forged 30mm bar was hot rolled to a final section
thickness of 11mm, air cooled, then reheated to 1320C,
and water quenched. Plane strain compression (PSC)
specimens were machined from the rolled material to
the dimensions 50× 10 × 30mm. PSC specimens were
reheated to a temperature of 1250C for 15 minutes to bring
about niobium carbide dissolution, which resulted in an
initial austenite grain size of 370 ± 25m. The reheated
specimens were force-air cooled to the test temperature,
then transferred to the test furnace, and initially deformed
at a constant true strain rate of 10 s−1 to an initial true strain
of 0.2–0.45, unloaded and held for delay times between
1–1000s, then strained to a net strain of ∼05–0.9, followed
by an immediate water quench to room temperature (quench
time, 1.6–2.5 s). A base-line sample was deformed under
identical conditions, but with a single deformation to the
total true strain of the double deformation experiments.
TEM of samples was undertaken using standard
preparation techniques and examined on a variety of
microscopes including a Philips 420 at 120kV, a Philips
CM20/STEM operating at 200kV and equipped with a
Gatan Imaging Filter (GIF) and a Jeol 2010F, also equipped
with a GIF. For full details please see [4]. Electron
spectroscopic imaging was undertaken to determine the
NbC precipitate size distribution and number density in
thin foil samples. EBSD study was performed using an
FEI Sirion FEG SEM, equipped with a fully automatic
HKL Technology EBSD attachment, operated at 15kV.
Orientation mapping was performed on a square grid with
step sizes of 2 and 01m. The coarse step size was used for
obtaining large-area maps, from which areas were selected
for high resolution studies using the fine step size. The
corresponding data acquisition and processing were carried
out using the HKL Channel 5 software. Crystallographic
texture was represented using the orientation distribution
function (ODF) in the Euler space. Some post-processing
Table 1.—Chemical composition of alloys in weight percent.
C Si Mn P Ni N Nb Fe
Fe-30wt% Ni 0.11 0.29 1.54 0.009 30.18 0.0037 0.066 67.8
Steel 0.10 0.29 1.52 0.010 <001 0.0040 0.027 98.0
of the data was also performed using the VMAP software
package, kindly provided by Prof. Humphreys of UMIST,
which includes a modified Kuwahara filter routine for
orientation averaging.
Results and discussion
Figure 1(a) gives the flow curve of the Fe-30Ni deformed
at 950C, for two different strain rates. Figure 1(b) gives
the flow curves for the Fe-30Ni–Nb alloy, also deformed
at 950C, with a total strain of 0.9; one sample received a
single deformation, while the second was held after a strain
of 0.45 with a 100s interpass delay time. The difference
between the two flow curves in Fig. 1(b) clearly shows the
stain-induced precipitation effect.
Figure 2 gives an optical micrograph from the Fe-30 Ni
alloy shown in Fig. 1(a), for a strain rate of 01 s−1. The
extent of recrystallization was determined through large area
EBSD maps. For the sample deformed at 10 s−1, the first
evidence of equiaxed recrystallized grains was at a strain
of 0.2, while the sample was completely recrystallized at a
strain of 0.8. For a strain rate of 01 s−1, around half the
structure was recrystallized at  = 08. Recrystallization
was believed to be static, occurring in the finite time before
quenching, which is also consistent with the shape of the
obtained flow curve.
From the EBSD measurements, it was possible to
determine crystallographic texture separately for the
deformed and recrystallized grains. As expected for
Figure 1.—(a) Flow curves for the Fe-30 Ni alloy at two strain rates at 950C.
(b) Flow curves for the single and double deformation to  = 09, both at
950C, strain rate of 10 s−1, with an interpass delay of 100s. Samples were
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Figure 2.—Optical micrograph from the sample in Fig. 1(a), 01 s−1 [3].
deformation of an fcc metal by PSC, gradual rotation
towards the stable end texture components located along
both the  and  fibres in the Euler space was
observed. For all the strain levels studied, the corresponding
orientation distribution function was largely composed
of orientations clustered around the copper 112111,
S 123634, brass 011211, and goss 011100
texture components. There was also some limited presence
of the rotated goss 011011 and cube 001100
components in the above orientation distribution. High-
resolution EBSD maps were obtained from grains with
specific texture components, as selected by the large-area
EBSD maps, an example of which is shown in Fig. 3. The
major texture components, namely, the copper, S, brass,
goss, and rotated goss, generally contained one or two
prominent families of approximately parallel larger-angle
extended sub-boundaries, systematically aligned along
111 slip planes, bounding long microbands subdivided
into slightly elongated subgrains by short lower-angle
transverse sub-boundaries. Relatively rare cube-orientated
grains displayed pronounced subdivision into coarse
deformation bands containing large, low-misorientated
subgrains. The misorientation vectors across sub-boundaries
largely showed a tendency to cluster around the sample
transverse direction. Grain boundaries were generally
heavily serrated, with some of these serrations separated
from the matrix of subgrains by large-angle boundaries
(Fig. 4), with misorientations often exceeding 10, possibly
Figure 4.—EBSD boundary map of the Fe-30Ni after deformation at a strain
rate of 01 s−1 to = 08, showing grain boundary serrations, subgrains, large-
angle boundaries (arrowed), and twins (T) (thin and thick lines correspond to
boundaries with misorientations below and above 5, respectively) [6].
formed to accommodate rotations. A ratio of the mean
misorientation angle to the mean subgrain size for a given
texture component might be taken as an approximate
indication of the corresponding level of stored deformation
energy due to the presence of sub-boundaries [8]. The above
ratios obtained for each of the texture components studied
are summarized in Table 2 together with the corresponding
Taylor factor values calculated using a full-constraint
Taylor model of crystallographic texture development
during PSC [9, 10]. The copper-orientated grains and
cube-orientated deformation bands seemed to display
the relatively highest and lowest stored energy levels,
respectively. The differences between the deformation
stored energy values are generally consistent with those
reported for the hot rolling of a type 316L austenitic stainless
steel [11] and cold rolling of aluminum alloys for a similar
strain level [10, 12]. Apart from the rotated goss texture
component, the above values for the rest of the components
generally appeared to be proportional to the corresponding
Taylor factor values.
Figure 5(a) gives a bright field TEM image from the
microalloyed Fe-30wt% Ni–Nb that shows the typical
deformed area in the  = 045; delay 100s;  = 045
sample. The structure is a classical microband structure,
with microbands in two prominent orientations, and is
similar to that observed in the base Fe-30wt%Ni alloy.
Misorientation varied across microband walls within the
range 0.5–10, with no apparent systematic change in
lattice curvature from one subgrain to another. Individual
Figure 3.—EBSD map (Euler contrast) of a grain with a Brass orientation (011211) that shows partial recrystallization (bright contrast regions), and
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Table 2.—Substructure characteristics estimated using the EBSD technique
(D and 	 denote the mean subgrain size and misorientation angle values,
respectively) [6].
Texture hkl Taylor
component uvw factor D 
m 	 
deg 	/D
R Goss 011011 4.90 1.67 1.50 0.90
Copper 012111 3.67 0.68 2.07 3.00
S 123634 3.52 0.94 1.52 1.62
Brass 011211 3.27 0.82 1.78 2.17
Goss 011100 2.75 0.95 1.49 1.57
Cube 001100 2.45 1.83 1.92 1.05
dislocations could be imaged in the microband walls,
Fig. 5, with a density of 8± 4 × 1014 m−2. A rudimentary
cell structure was frequently present within the larger
microbands, although the dislocation density within the
microbands was generally low.
Figure 5(b) gives a higher magnification bright field image
showing the individual dislocations within a microband wall.
Darker spots are generally NbC particles, although earlier
work has shown that some of these features can be a result
of dislocations lines running nearly vertically through the
TEM sample and emerging at the surface of the sample [4].
This work clearly demonstrated that conventional dark field
imaging and/or weak beam dark field imaging could not
be used for accurate determination of the size distribution
of the NbC, for the reasons just given, but also because
often the NbC particles are finer than the dynamical contrast
from the dislocation line, and are, therefore, not seen at all.
However, the precipitates were easy to image in areas where
recrystallization had occurred, Fig. 6.
Figure 7 gives zero loss filtered bright field and electron
spectroscopic images from amicroband boundary in a region
where the thin foil thickness varied in the range 20–30nm.
These show the presence of precipitates on dislocation
cores within microband walls. There was no evidence
of precipitation in the matrix, although precipitation did
occur on occasional dislocations found in the microband
interiors. Figure 7(d) gives particle size distribution, which
ranged from diameters of 2.5nm–15.5nm, with an average
diameter of 5.3nm. A total of 29 precipitates were observed
Figure 6.—Bright field TEM image showing precipitate lines in a
recrystallized grain.
in 48× 10−14 m2 of microband boundary, corresponding
to 38 × 1021 particles/m3 (average volume fraction of
76× 10−6).
Dutta et al. [2] have proposed a physically based model to
explain flow stress data as a function of interpass hold time.
Bulk diffusion was shown to be too slow to account for the
increase in particle radius required to give a peak in flow
stress of ∼50 s in their conventional C–Mn microalloyed
steel. The change in particle numbers and size with time
indicated that following nucleation on dislocations, rapid
coarsening could occur via pipe diffusion, but that particle
growth continued, and further nucleation must subsequently
occur on dislocations. The most probable nucleation sites
were dislocation nodes, but working with a conventional
C–Mn steel meant that such a hypothesis could never
be proved. The current work largely supports the Dutta
Figure 5.—Bright field TEM images showing the deformation substructure of Fe-30wt%Ni-0.06Nb deformed at 900C and a strain rate of 10 s−1 to a strain of
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Figure 7.—Energy filtered TEM images showing (a) zero loss bright field image, (b) Fe map, (c) Nb map of NbC precipitates lying on dislocations in a
microband wall, (d) the associated size distribution from this area and others. Taken from [4].
et al. model, although further work is required to verify
that precipitates form on dislocation nodes, as opposed
to randomly along the dislocation line. Nevertheless, it is
clear that the matrix within the microband cores remains
supersaturated with Nb, which is, therefore, available for
strain induced precipitation during subsequent interpass
delay times.
There has been much debate regarding the size of NbC
precipitates during the early stages of precipitation and
times to a given volume fraction of precipitates, (t005 most
frequently reported), for which accurate values are essential
to the construction of physically based models to describe
the thermomechanical processing of microalloyed steels.
There are a number of models that predict t005 (e.g., the
original work of Dutta and Sellars [14], later refined by
Dutta et al. [13]) and these yield times of 0.1–10s for the
current experimental conditions, depending on the exact
composition of the alloy. The calculated precipitate diameter
using the model of Dutta et al. [13] for conventional
microalloyed steel is ∼4 nm, which is close to the current
experimental observations of 5.5nm.
Conclusions
1. A new model Fe-30Ni austenitic steel has been
developed that remains stable to room temperature.
Microalloy additions can be made to the base alloy
to give a type of steel that allows the strain induced
precipitation effect to be modeled.
2. In the base alloy, the deformation processes are similar
to those observed in a conventional austenitic stainless
steel, such as 316L. The copper-orientated grains and
cube-orientated deformation bands displayed the highest
and lowest stored energy levels, respectively.
3. Precipitation of NbC in a model Fe-30 Ni-1.6 Mn-0.1 Nb
alloy occurs predominantly on dislocation cores and grain
boundaries, with no precipitation found within the matrix.
4. A 1s hold time between equal strains of  = 025 is
sufficient for appreciable strain induced precipitation.
This indicates that the available models that predict t005
underestimate precipitation kinetics.
5. Precipitation of fine (≤3 nm) NbC occurred on
dislocations during cooling after deformation. Once
formed, precipitates coarsen rapidly during inter-pass
holds, with coarsening presumed to be from pipe
diffusion.
6. Electron spectroscopic imaging provides a powerful
method of imaging ultrafine precipitates lying on
dislocation cores.
7. NbC particle diameters in the range 2.5–15nm were
observed with a density of 38× 1021 particles/m3 for a
100s delay period between two strains of  = 045 at
950C. Both the size and number density are consistent
with those observed in conventional microalloyed C–Mn
steels.
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